For a better assessment of ischemic heart diseases, myocardial viability should be quantified. Current studies underline the importance and the evolution of several techniques and methods used in the evaluation of myocardial viability. Taking into account these considerations, the aim of this manuscript was to present the recent points of view regarding myocardial viability and its clinical significance in patients with ischemic cardiomyopathies and left ventricular dysfunction. On the other hand, the manuscript points out the role of magnetic resonance imaging (MRI), one of the most useful noninvasive imaging techniques, in the assessment of myocardial viability. By comparing the advantages and disadvantages of cardiac MRI, its usefulness can be better appreciated by the clinician. In the following years, it is considered that MRI will be an indispensable imaging tool in the assessment of ischemic heart disease, guiding interventions for revascularization and long-term risk stratification in patients with stable angina or myocardial infarction.
INTRODUCTION
Ischemic heart disease remains the main cause of death in adults in western countries despite recent and continuous developments in therapeutic and interventional methods. 1, 2 Although the prevention and treatment of ischemic heart disease have improved significantly, the prevalence of heart failure continues to rise. Ischemic heart diseases present not only an increased prevalence, but also their prognosis is worse compared to non-ischemic cardiomyopathies. 3 One of the most forceful prognostic factors in patients with coronary artery disease is left ventricular function and its remodeling. Therefore, an early identification of these modifications is necessary in order to guide the treatment and follow-up of these patients. 4, 5 The myocardium is very sensitive to ischemia, thus the degree of contractile damage is influenced by the severity and the duration of the ischemic event, from reversible myocardial tissue to necrosis. Once the myocardium dies, the normal myocardium is replaced by collagenous scar tissue. The remodeling process depends on the size and localization of the infarcted area, and it will lead to heart failure. Left ventricular remodeling is defined as a structural, geometrical, and functional change in the infarct patch and remote viable myocardium. [4] [5] [6] Thus, new treatment options cannot limit ventricular remodeling. It was demonstrated that a coronary intervention improves left ventricular fraction with only 3% to 4%. 7 Various factors, such as serum biomarkers (troponin, NT-pro-BNP) as well as angiographic or echocardiographic imaging results have facilitated physicians to estimate the remodeling process. Most of the data can be confirmed by noninvasive imaging modalities, including echocardiography, multi-detector computed tomography (MDCT), magnetic resonance imaging (MRI), positron emission tomography (PET), or single-photon emission computed tomography (SPECT). 5, 8 Recently, cardiac MRI has been recognized as a powerful modality for heart imaging, useful in assessing myocardial structure, function, perfusion, or viability. Cardiac MRI is also an alternative method for risk stratification in patients with ischemic cardiomyopathies (late gadolinium enhancement is correlated with poor prognosis and major cardiovascular events). [9] [10] [11] The assessment of myocardial viability is very important in the management of patients with cardiac ischemic disease. If the percentage of necrotic muscle is not so high, the myocardium can be recovered, thus the prognosis and the functional capacity of the patient can significantly improve following revascularization. 12 Considering all these assumptions, the purpose of this article is to highlight the importance of myocardial viability and its clinical significance in patients with coronary artery disease and left ventricular dysfunction. Furthermore, the manuscript aims to underline the usefulness of noninvasive imaging techniques in quantifying myocardial viability, especially the role of MRI.
MYOCARDIAL VIABILITY -NEW AND OLD CONCEPTS
Acute myocardial infarction occurs when a long-drawn reduction of blood flow in a specific heart zone leads to the permanent damage of the myocytes. Myocardial viability has a key role in the risk stratification of patients with ischemic cardiomyopathies, due to its implications on the ventricular remodeling process. The dysfunctional myocardium (viable or non-viable) is one of the most important predictive factors of cardiac function. Thus, the quantification of viable myocardium is of utmost importance in patients with ischemic cardiomyopathies, where the revascularization procedures may improve the left ventricular systolic function and the patient's quality of life. Myocardial viability is defined as a regional wall motion abnormality (hypokinesia, dyskinesia, or akinesia) without the presence of necrotic myocardial tissue. 4, 6, 12 After an acute event, the ischemic cascade is triggered, and myocardial viability, especially the reversibility of this process, can be influenced. A series of pathophysiological modifications appear in the damaged myocardium with the intent to replace the dead tissue with fibrotic scar tissue, as the viable myocardium tries to compensate the dysfunctional myocardium in order to maintain a competent cardiac output. Myocardial contractility impairment, followed by intracellular edema, appears within the first few seconds of the acute event. After 30 to 60 minutes from the onset of the event, an irreversible injury of the myocardial cells appears and, if the ischemic process continues, the viable myocardium is replaced by necrotic tissue due to the myocytes' death, followed by a remodeling process that affects left ventricular function. This may lead to progression towards heart failure in years. The progression of myocardial necrosis starts typically from the subendocardium towards the subepicardium (3-6 hours). 1, 13 The myocardium at risk, also named jeopardized myocardium, is one of the principal determinants of the infarcted area, as it forecasts the maximal territory of myocardium exposed to the risk of necrosis. Despite the new reperfusion methods and their beneficial effects, the death of the myocytes can progress during the first hours after reperfusion, through a process named myocardial reperfusion injury. The major cause for this intricate phenomenon is the existence of microvascular obstruction leading to a lack of tissue perfusion despite a successful revascularization procedure. Myocardial territories with normal blood flow in resting conditions may present depressed cardiac function due to sustained ischemic episodes. This phenomenon is called stunning myocardium, and it may be recovered by reperfusion (revascularization or inotropic agents), but it takes days or weeks until it normalizes, once the flow is restored. Viable myocardium with depressed contractility can be partially or completely recovered, due to an impaired coronary blood flow that is called hibernating myocardium. If in the past the hibernating myocardium was thought to appear due to a constant hypoperfusion or mediated by fundamental modifications in myocardial metabolism and energetics (both of them being reduced), nowadays, it is considered that hibernating myocardium is the summation of a continuous and additive stunning, which leads to chronic dysfunction of the left ventricle. Recent studies have shown that hibernating myocardium appears due to a shift from fat to glucose metabolism, with the reactivation of the fetal gene program. This type of myocardium contains not only apoptotic cells, but also cells with autophagosomes, vacuoles, and lysozymes. [1] [2] [3] [4] 14 
ASSESSMENT OF MYOCARDIAL VIABILITY
In the last years, imaging techniques used to assess and quantify myocardial viability have continuously developed. Nowadays, one of the most significant and useful noninvasive diagnostic methods for assessing the global function of the left ventricle is cardiac MRI, which is able to provide anatomic and ischemia-related imaging with assessment of the consequence of myocardial ischemia, especially on myocardial perfusion, function, and irreversible lesions. 15 Cardiac MRI also has the ability to evaluate the global and regional left ventricular function following a myocardial infarction, quantifying the infarct size, identifying microvascular obstructions, and evaluating the area at risk. 1, 16 Several MRI techniques can be used for the estimation of myocardial viability. Spectroscopy is used to appraise the cellular metabolites and the integrity of the myocytes. Another technique, able to differentiate between viable and non-viable myocardium, is sodium imaging by MRI. T1 and T2 images and maps are useful in evaluating myocardial edema, infarction, or areas at risk. Cinemagnetic resonance highlights segmental and global contractility and wall thickness. Perrone-Filardi et al. have proved that significant parietal thinning may appear also in the viable myocardium. 17 Myocardial viability can be assessed in three ways: resting MRI -to measure end-diastolic wall thickness; dobutamine stress MRI (DSMR) -to appreciate the contractile reserve; and delayed contrast-enhanced cardiac MRI (DE-MRI) -to assess viability. 14 DSMR identifies the contractile reserve in the hibernating myocardium in response to a certain dose of inotropic agent. At a low dose of dobutamine, the increased contractility is dysfunctional, whereas at higher doses the contractility may decrease, reflecting inducible myocardial ischemia. This "biphasic" response is correlated with post-operative functional recovery. Frequently, scarred segments of the left ventricle do not reveal functional reestablishment in comparison to regions without scars. Dobutamine MRI can estimate viability with enhancement in a dysfunctional wall segment by one grade (from akinetic to hypokinetic or from hypokinetic to normal). Baer et al. showed that an expanded wall thickening greater than 2 mm during systole is an accurate predictive factor for myocardial recovery. 18 Another way to quantify viability is dobutamine-induced systolic thickening. Segments with end-diastolic wall thickness less than 5.5 mm never reveal an improvement of function after revascularization. Even if the wall thickness is bigger than 5.5 mm after revascularization, an improvement in contractility is not always revealed. 3, 13, [19] [20] [21] DE-MRI is the most common noninvasive technique that can accurately identify the fibrotic myocardial tissue following a myocardial infarction. Gadolinium-diethylenetriamine pentaacetic acid is the contrast agent used for MRI examinations, which is able to diffuse and accumulate in myocardial tissue. 7 A multi-center trial assessed the performance of late gadolinium enhancement imaging using a contrast agent (gadolinium) to detect the presence of myocardial infarction. Over 280 patients with myocardial infarction were enrolled in the study, randomized in four groups receiving 0.05, 0.10, 0.20, or 0.30 mmol/kg of gadolinium, respectively. The accuracy of late gadolinium enhancement images regarding the location and quantification of the infarct size and area after a delay of 10-30 minutes was 91% when administering a dose of 0.20 mmol/ kg and 95% if the dose was raised to 0.30 mmol/kg. For the 0.10 mmol/kg dose, the accuracy was 79%. 22 This examination is based on the fact that in fibrotic tissues the intercellular space is reduced, and the contrast substance (gadolinium) is accumulated in the extracellular space with a gradient, being excreted over time by the renal system. This way, gadolinium contrast agents can define the transmural extension of the myocardial scar. Due to the different magnetic properties of gadolinium compared to that of blood or myocardial tissue, gadolinium accumulation in the necrotic areas appears enhanced. In acute myocardial infarction, the gadolinium contrast agent is increased in the extracellular space due to cell membrane rupture. Similarly, in old myocardial infarction areas, the contrast agent accumulates in the interstitial space because of the fibrotic tissue that replaces the normal one. 23 Thus, the infarcted myocardium appears hyperenhanced, the microvascular obstruction zone is hypoenhanced (this phenomenon was observed in 20-50% of patients after revascularization according to Ahmed et al.) , and the normal myocardium appears black (is "nulled"), providing a high contrast between the viable and non-viable myocardial tissue. 24, 25 These modifications are correlated with non-viable myocardium and frequently occur in dysfunctional segments. Due to the possibility to differentiate viable from non-viable tissue, this technique allows the classification of risk associated with revascularization and further complications in patients with ischemic heart disease. 2,3,13,19
As a protocol for DE-MRI, Souto et al. proposed, after obtaining the scout images, to perform a global and segmental functional study of the heart using the cine MRI technique. Ten minutes after the administration of gadolinium, the images of viability could be acquired in the short, long two-chamber, and outflow axes. The acquisitions of delayed enhancement lasts approximately 10 seconds and one apnea (the entire examination lasts about 30 minutes). 12 Usually, the analysis of the myocardium is performed in the short-axis orientation with additional singleslice long axis outlook in 4, 3, and 2 chambers. 23 Furthermore, to assess and quantify myocardial fibrosis and global viability, MRI evaluates the possible chances of myocardial recovery, attempting to distinguish the 17 segments of the left ventricle. Ortiz-Perez et al. have analyzed the relationship between the 17 segments to identify the late gadolinium enhancement pattern of the culprit lesion on angiography following an acute myocardial infarction. The results of their study revealed a specificity of 100% for left anterior descending artery occlusion (late gadolinium enhancement was present in the basal anteroseptum, midanterior, anteroseptal, or apical anterior wall). For right coronary artery or left circumflex artery occlusions, no segments were 100% specific. 26 Lund et al. demonstrated that delayed enhanced MRI had a higher sensitivity compared to SPECT. 27 DE-MRI presents a sensitivity of 99% in measuring the extent of the infarction scar and 94% in measuring transmural enhancement. The latter can anticipate the recovery of a regional function in an enhanced segment. Myocardial function improves progressively with the decrease of the transmural scar of the infarction. If the myocardium is without any delayed enhancement, the probability of recovery is very high (around 80%). Even when the infarcted area is around 1-25%, and the chances of recovery decrease to 60%, viability is still preserved and it remains preserved at a percentage of delayed enhancement of around 26-50%, but a higher percentage is strongly correlated with non-viable myocardial muscle. 12, 21, 28 The transmurality of late gadolinium enhancement is an important prognostic factor in an acute myocardial infarction. Bodi et al. demonstrated that there is a meaningful difference between major cardiovascular events when comparing patients with 5 or more segments of transmural infarction with those with less involved myocardium (23% vs. 5%, p <0.001). 29 Furthermore, Wu et al. have shown that left ventricular remodeling is a more powerful predictor of clinical events than systolic function in patients with acute myocardial infarction. During the 4-month MRI follow-up, all patients enrolled in this study presented an improvement in the ejection fraction (p = 0.002). One of the most important conclusions of this study was that acute infarct size is correlated directly with the left ventricular remodeling process. 30 Buckert et al. have confirmed that the presence of late gadolinium enhancement is a strong clinical predictor of cardiovascular events in patients with stable coronary artery disease. 10, 31, 32 Rizzi et al. have demonstrated in the MESA study that several techniques can be used to quantify infarction dimension, such as: visual technique, planimetry, the standard deviation technique, full width at half maximum, and the correction of image noise. 33 Semiautomatic analysis with manual correction and removal of artifacts is the first choice among diagnostic methods to quantify the infarction zone and fibrosis. 12 The size of myocardial infarction in the acute phase differs from the one in the chronic phase due to the fact that in acute infarction the affected myocardial mass is up to 25% bigger as a result of tissue edema, hemorrhage, and inflammation. 34 According to Ingkanisorn et al., chronic infarct size is significantly smaller 2 months after the acute infarction (p <0.003). Furthermore, in a study carried out by Choi et al., after a period of 8 weeks from the acute event, the size of infarction decreased with 26%. A greater degree of infarct involution was present in infarcts with a higher degree of microvascular obstruction, possibly due to a more severe initial ischemic lesion. 35 Microvascular obstructions should be quantified due to their association with the "no-reflow" phenomenon. This microvascular modification occurs only in acute infarction and persists for at least 9 days. 36 Its existence can be identified using MRI techniques, appearing as a default of subendocardial contrast uptake in an area surrounded by hyperenhancement, or as early hypoenhancement observed within the first few minutes after first-pass contrast perfusion (early enhancement imaging). 37 As Rogers et al. have demonstrated in their study, microvascular obstructions are predictors of non-viable myocardium, because in the regions with microvascular obstruction there was no recovery of segmental left ventricular function. 38 In addition, the presence of microvascular obstructions was correlated with a higher incidence of cardiovascular events and was strongly associated with left ventricular remodeling. 16 In this regard, Hombach et al. found that microvascular obstruction is an important predictor of left ventricular remodeling, ejection fraction, and survival following an acute myocardial infarction. 39 Recent studies proved that dobutamine-stress MRI better forecasts functional recovery than late gadolinium enhancement. In 2005, Tarantini et al. have published one of the first studies that associated the time of coronary lesion, the degree of microvascular obstruction, and transmural necrosis. In this research, the patients were stratified based on TIMI grade flow obtained after myocardial revascularization. Regarding the related lag in reperfusion for both groups (group with TIMI 3 grade flow and group with TIMI grade flow <3), there was a greater number of patients with microvascular obstruction and transmural necrosis in the latter group. For every 30-minute delay in a successful percutaneous coronary intervention, a continuum of microvascular obstruction and myocardial necrosis was observed on MRI in the group with a TIMI grade flow <3, which was correlated with a 37% higher risk of transmural necrosis and a 12% higher risk of microvascular obstruction. 40 Wu et al. argued that the presence of microvascular obstruction (residual myocardial perfusion abnormality despite revascularization of the tissue) is an important marker for injury severity. 41 Furthermore, Roses et al. established that the expansion of the microvascular obstruction zone is a better long-term prognostic factor compared to the ejection fraction and left ventricular volumes. 42 The MRI examination can determine the area at risk and the infarct size. T2-weighted MRI aids visualization of the risk area, which appears hyperintense compared to the normal myocardium. The T2 sequence is also useful in differentiating between acute and chronic infarction. 20, 43 The quantification of areas at risk is very important, because they are markers for reversible injury. Another MRI sequence that can be used to appreciate the size of the myocardial area at risk and to differentiate between acute and chronic myocardial infarction is T2-weighted short-tau inversion recovery (STIR). 44 Abdel-Aty et al. have compared patients with chronic and acute myocardial infarction, and the results have shown that patients with chronic infarction do not present any signal-to-noise ratio between the infarcted and the healthy myocardium on T2-weighted imaging. 45 There are several studies that showed that T1-mapping is useful in identifying more diffuse forms of fibrosis in the remote myocardium and the peri-infarct area (the acquisition time is faster and the spatial resolution is better). 46, 47 The notion of peri-infarct zone ("gray zone") was introduced by Schmidt et al. The quantification of the peri-infarcted zone can be made by tracing the endo-and epicardial margins in the short-axis sequence and the hypersignal region. 41 The infarct nucleus is defined as the region from the myocardium with a signal intensity higher than 50%. The gray zone is described as a zone with greater signal intensity than that of the remote myocardium but lower than 50%. This zone refers to the region of intermediate late gadolinium enhancement from the myocardial scar periphery, which is related to the possibility of inducing arrhythmias. Additionally, Roes et al. established that the presence of peri-infarct tissue heterogeneity in patients with myocardial infarction is a pronounced predictive factor for ventricular arrhythmia and ICD therapy compared to the total infarct size and left ventricular function. 16 Several trials on myocardial viability in patients with coronary artery disease have been performed, but their results remain controversial. The recent STICH trial (Surgical Treatment for Ischemic Heart Failure) does not show the advantage of revascularization compared to medical therapy in patients with ischemic cardiomyopathies. Despite its limitations, the STICH trial remains one of the largest analyses of the influence of viability on clinical endpoints in subjects with ischemic heart diseases. Another large trial that was of use in the evaluation of myocardial viability, risk stratification, and in the identification of patients who could benefit from revascularization, is the PAAR-2 (PET and Recovery Following Revascularization) trial, but this study failed to prove a difference in primary outcomes at one year. Ottawa-FIVE (18F-FDG PET Imaging of Myocardial Viability in an Experienced Center with Access to 18F-FDG and Integration with Clinical Management Teams) is a PARR-2 sub-study that proved a significant advantage in outcomes in the PET-guided group. The results of this sub-study revealed the prognostic importance of the FDG PET viability imaging technique in patients with ischemic heart disease. 4, 23 
ADVANTAGES AND DISADVANTAGES OF CARDIAC MRI
Despite the fact that many noninvasive imaging modalities have been introduced in the last years for the quantification of myocardial viability, cardiac MRI remains the gold standard imaging technique for diagnosing ischemic heart disease.
The main advantage of cardiac MRI is the fact that it does not present acoustic window limitations. It offers a higher spatial and temporal resolution than other nuclear methods and also a better tissue characterization. This technique is ionizing radiation-free, which is another important advantage compared to computed tomography or nuclear techniques. 2 Related to echocardiography, cine MRI sequence enables dynamic images of wall motion, with a superior endocardial border assessment. In clinical practice or as an endpoint in clinical trials, MRI can quantify left ventricular function and ventricular mass (it can be measured in cine MRI sequence). There are studies that have demonstrated a higher accuracy of high-dose dobutamine MRI compared to high-dose dobutamine stress echocardiography (86% vs. 72%). 49, 50 Using perfusion MRI, myocardium viability and critical coronary lesions can be detected and several perfusion indices can be calculated (curve upslope, maximum signal intensity, and time to peak). Delayed-enhancement MRI is one of the finest techniques used to identify myocardial viability and to quantify the infarcted area. Furthermore, in the T2-weighted sequence, the area of risk or microvascular obstructions can be appreciated. Cardiac MRI examination can be a useful tool in patient follow-up before or after revascularization interventions. 2, 51 For an optimal image acquisition, several rules are necessary. It is important to have a proper temporal resolution to image a few short axis slices for each heartbeat, in order to visualize the initial contrast bolus. High spatial resolution is another important factor that must be taken into consideration due to the necessity to discern between the subendocardial and subepicardial myocardium. 52 The main disadvantages of this technique include the MRI breath-holds sequence, time examination, contrast agent, adverse reactions, and costs. Renal disease represents another limitation of MRI, due to the risk of systemic nephrogenic fibrosis (if eGFR <30 mL/min/1.73 m 2 ). 2, 3 Persons with electrically, magnetically, or mechanically activated devices and metallic or ferromagnetic implants (pacemakers, insulin pumps, defibrillators, cochlear implants etc.) cannot undergo MRI examinations. Recent studies have demonstrated that newer stents or cardiac devices are compatible with MRI, but their safety must be checked by the physician. For a good MRI examination, an optimal patient cooperation is necessary, thus claustrophobia, obesity, or unstable patients may limit the examination. 51 
CONCLUSION
Ischemic heart disease remains an important health problem due to its high mortality. The healing process after an acute myocardial infarction is a dynamic one that can influence heart function, left ventricular remodeling, and disease progression. Myocardial viability is the key point in revascularization techniques, guiding the treatment and patient prognosis; therefore, it should be quantified in each patient with myocardial ischemia.
Cardiac MRI represents the gold standard noninvasive diagnostic method in assessing myocardial viability and in the long-term follow-up of patients with ischemic cardiac disease, especially in the risk stratification of patients with myocardial infarction. Both in the acute and chronic phase, DE-MRI can quantify the size of the infarcted area and is able to estimate whether there is viable myocardium in that region. This examination can also identify microvascular obstructions or the area at risk, it can characterize the infarcted area and myocardial necrosis markers, and it may forecast the risk of death in patients with ischemic heart disease. Also, MRI provides complementary information about global and regional cardiac function and perfusion.
In the future, MRI will be an indispensable imaging tool for the quantification of ischemic heart disease, for guiding the revascularization intervention, and for longterm risk stratification in patients with chest pain, stable angina, or myocardial infarction, due to its ability to provide high definition images of anatomical and functional heart characteristics in real time, without exposure to ionizing radiation.
